To quantify the resistance and particularly the capacitance properties of the entire pulmonary vascular bed, isolated perfused lungs of nine dogs were studied. In each dog, with a fixed endotracheal pressure of 5 mm Hg, the arterial pressure-flow and pressurevolume relations were determined while venous pressure was fixed at constant values of 2, 5, and 8 mm Hg. In the same dogs, the venous pressure-flow and pressure-volume relations were also obtained when arterial pressure was fixed at constant values of 15 and 20 mm Hg. The arterial and venous pressure-flow relations could be regarded as linear around the physiological ranges of arterial and venous pressures; however, at very low pressures, these relations became nonlinear. The arterial and venous pressure-volume relations were also approximately linear within the physiological pressure ranges. The mean arterial compliance was 0.1798 ml/mm Hg kg" 1 and was independent of venous pressures. The venous compliance values were 0.1236 and 0.0955 ml/mm Hg kg" 1 for arterial pressures of 15 and 20 mm Hg, respectively. The sums of the arterial and venous compliances were 0.3034 and 0.2753 ml/mm Hg kg"' for arterial pressures of 15 and 20 mm Hg, respectively. These values were nearly identical to the mean total compliance, 0.3265 ml/mm Hg kg" 1 , measured in a separate series of experiments in the same dogs. Therefore, the data obtained in these experiments using two-port analysis techniques represent the compliances and the resistance of the entire pulmonary vascular bed around the normal operating pressures and flows.
• In the past 20 years many different investigators have obtained evidence for the concept that resistance and capacitance of the pulmonary vascular bed are actively regulated by various hormonal and nervous control systems (1, 2) . However, there still exists a gap of quantitative information as to the pressure-flow relations and particularly the pressure-volume relations for the uncontrolled entire pulmonary vascular bed.
From a mechanical viewpoint, any section of the circulatory system can be considered as a hydraulic system which interacts with its environment through a limited number of energy ports. An energy port is a point or junction at which energy is transmitted between the system of interest and its environment. Thus, the entire pulmonary vascular bed can be regarded as a three-port system which is exchanging energy at the arterial and venous ends with the right and left hearts and at the third port with the respiratory pump. To understand the resistive and capacitive properties of the pulmonary vascular bed as such, it is quite appropriate to apply twoport analysis techniques while keeping control over the third-port variables. This scheme is the basis of the analysis underlying the present study of the entire pulmonary vascular bed.
Many investigators have pointed out the nonlinearity of the pressure-flow (1) (2) (3) (4) and pressureblood volume relations (5) (6) in the pulmonary vascular bed. In an attempt to elucidate the mech-anism^) underlying the nonlinearity, some of them have performed what might be called "twoport analysis." Borst et al. (3) and Carlill et al. (4) obtained similar qualitative results on the nonlinearity of the steady-state pressure-flow relation. Both investigations showed that vascular resistance depends on both arterial and left atrial pressures. However, no information was given as to the levels of the third-port pressure, i.e., intrapleural or alveolar pressure. Sarnoff and Berglund (5) obtained the static pulmonary pressure-volume relation for the entire lung. Apart from the relation being nonlinear, this study did not provide any quantitative information about the distribution of capacity between the arterial and venous compartments. Engelberg and DuBois (6) , using a capillary flow method, measured the compliance of the arterial and venous segments as well as the total compliance of the isolated Krebs-Ringer'sperfused rabbit lung. They concluded that approximately 60% of the total compliance resides in the venous segment, 25% of the total compliance in the arterial segment, and 15% in the capillaries. In contrast, Permutt et al. (7) , using a double-indicator technique in the dog, concluded that pulmonary blood volume is dependent only on the level of arterial blood pressure and independent of left atrial pressures. This result suggests that the capacitive function of the pulmonary vascular bed resides solely in the arterial compartment. This view drastically contradicts the general concept of large venous compliance and needs further experimental verification.
Because the primary concern of most of these investigations was to identify the regions and the nature of the nonlinearities, the pulmonary blood pressures and flows were changed over extremely wide, unphysiological ranges. In addition, in all of these experiments, the flow and volume data were presented without normalization with respect to the size of the animals used. Therefore, even if all of the measured values were reported in detail, they would be of little quantitative use for comparing or predicting the resistance or capacitive properties of a particular animal's pulmonary vascular bed, as in the case of model analysis.
In the present study, emphasis was placed on careful quantification of these variables within the physiological ranges seen at the arterial and venous ports; the interrelations between the variables was then reduced to a simplest possible model. I confined this analysis to the steady-state relations between mean pressure and mean flow and mean pressure and mean blood volume seen from the arterial and venous ports in the same dogs.
Methods

GENERAL EXPERIMENTAL PROCEDURES
Nine mongrel dogs (15-27 kg) were anesthetized with sodium pentobarbital (30 mg/kg, iv). The trachea was cannulated with a large-bore cannula in which a catheter was placed to monitor tracheal pressure; the cannula was connected to a Harvard dog respirator (Rush pump, model 614) using room air. The chest was opened transversely at the fifth intercostal space. Figure 1 illustrates the surgical procedures and the perfusion circuit. The pericardium was opened, and ties were placed around the main pulmonary artery and the ascending aorta. A cannula was inserted into the right ventricle through a small incision in the right ventricular conus and connected to the outflow side of a perfusion pump (Sarns, model 5M-6002). The left atrium was then cannulated using a 12 mm, i.d., stainless steel cannula with large multiple side holes; this cannula was con-nected to the inflow of the reservoir. Prior to this point, the heart and the circulation were still functioning under normal physiological conditions. To complete the isolated pulmonary perfusion system, the heart was fibrillated while the right ventricular cannula was advanced into the pulmonary artery where it was tied. Finally, a large stainless steel hose clamp around the base of the heart was tightened, and the ascending aorta was ligated. The extracorporeal perfusion system was primed with the dog's own heparinized blood. It had a total volume of 250 ml and was made as rigid as possible to minimize any additional compliance. The compliance of the tubing was 0.011 ml/mm Hg. Blood flow was continuously monitored by a cannula type of flow probe connected to the outflow side of the pump and an electromagnetic flowmeter system (Narco, RT-400). The flow rates were calibrated at the end of the experiment using a graduated cylinder and a stopwatch. The blood volume in the reservoir was continuously monitored by measuring the hydrostatic pressure owing to the height of the column of blood. The pressure transducer (Beckman, model 807, 215071) was calibrated by changing the reservoir blood volume by a known amount and recording the pressure change. The resolution of blood volume changes was 1.0 ml.
Pulmonary arterial and venous pressures were measured through catheters with side holes at the tips placed in the pulmonary artery and the left atrium and connected to pressure transducers (Statham, P23BB). These catheters were made an integral part of the cannula used for pulmonary artery and left atrial cannulation. The zero-pressure reference was set at the level of the mitral valve under direct inspection (8) . The intermittent positive-displacement respirator was replaced by a constant pressure source which supplied the lungs with room air at 5 mm Hg. Before each experimental run, the end-tidal pressure was temporarily raised to approximately 15 mm Hg to prevent atelectasis from developing. All pressure, flow, and volume signals were smoothed by a filter with a time constant of 1 second and recorded by an ink recorder (Brush, model Mark 200).
In all dogs, the degree of pulmonary edema possibly developed during the experiment was assessed as follows. At the end of the experiment, the lungs were excised, and the ratio of their wet weight to their dry weight was measured. I accepted that pulmonary edema was not present in those dogs studied, since this ratio was never greater than 4.2 (9) . Furthermore, in five dogs, I checked the reproducibility of the blood volume shifts by returning pressures and flows to their control values after a particular run and examining if the blood volume returned to its control. In those dogs tested, the difference in volumes was not greater than 7 ml.
All flow and volume data presented are normalized to the individual dog's body weight to allow comparison among dogs and potential use for model analysis.
SPECIFIC PROCEDURES AND PROTOCOLS
Arterial Port Forcing.-First, the pressure-flow relation seen from the arterial port was determined. At a constant tracheal pressure, P et , of 5.0 mm Hg and a constant venous pressure, P pv , of 2.0 mm Hg, the flow into the pulmonary artery was decreased in steps from approximately 150 ml/min kg"' body weight to zero flow and returned to 150 ml/min kg" 1 in approximately ten steps. Pulsatile and mean pulmonary arterial pressure, P pa and P pa , respectively, were monitored. P pv was then changed to 5 mm Hg and finally to 8 mm Hg, and the experiment was repeated. Next, the pressure-volume relation seen from the arterial port was determined. Blood volume changes in the reservoir concomitant to those changes in P pa were monitored during the determination of the pressure-flow relation. Besides the increment in volume, the cumulative volume change in the reservoir was obtained to reconstruct the pressurevolume relation curve seen from the arterial port. Although the main contribution to the volume change must have come from the arterial segment, a contribution from the capillaries and the small veins cannot be completely excluded. Nevertheless, I will refer to this pressurevolume relation as the arterial pressure-volume relation. Venous Port Forcing.-First, the pressure-flow relation seen from the venous port was determined. With no blood flow through the lung, P et was set at 5 mm Hg, P pa at 15 mm Hg, and P pv at 15 mm Hg. Venous pressure was then decreased in approximately 2-mm Hg steps to zero, while blood inflow was increased in steps to maintain the arterial blood pressure constant during this procedure. In four dogs, venous pressure and flow were returned in steps to their initial levels to check the reproducibility of the initial data as in the arterial port forcing experiments. After this experimental run had been completed, arterial and venous pressures were raised to 20 mm Hg, and a similar experimental run was carried out while arterial blood pressure was maintained at 20 mm Hg. Next, the pressure-volume relation seen from the venous port was determined. Like the determination of the pressure-volume relation during the arterial port forcing experiment, the pressure-volume relation seen from the venous port was obtained by measuring the blood volume changes in the reservoir concomitant to venous pressure changes. This change in blood volumes and the cumula- Vol. 37, December 1975 tive changes in blood volume reflect the pressure-volume relation mainly in the pulmonary venous vascular bed and the left atrium, but the blood volume changes could include those in the pulmonary capillaries and small arteries. Nevertheless, I will refer to this pressure-volume relation as the venous pressure-volume relation.
To determine what contribution the left atrium makes to the venous pressure-volume relation, I performed experiments in three separate dogs. After the venous pressure-flow and pressure-volume relations had been obtained in a manner identical to that already described, all of those pulmonary veins entering the left atrium were carefully ligated. A catheter was placed inside the left atrium through one of the venous branches for the injection or withdrawal of known volumes of blood. Concomitant pressure changes in the left atrium were measured from the catheter present in the atrial cannula. The atrial pressure-volume relation was obtained from the cumulative volume and pressure changes. The atrial pressure-volume curve obtained in this manner could be more or less different from the true pressure-volume curve of the atrium because of the large-bore cannula and the distortion by the hose clamp.
Simultaneous Arterial and Venous Port Forcing at Constant Blood Volume.-First, arterial and venous pressure-flow relations were determined. With the clamps on the perfusion tubes changed so as to direct venous outflow directly into the inflow side of the pump, the total pulmonary blood volume could be maintained constant while the pulmonary blood flow was changed. With P et at 5 mm Hg, blood flow was initially set at approximately 150 ml/min kg' 1 and then decreased in approximately ten steps to zero. Flow was then returned in equal steps to the initial level. After this procedure, a known volume of blood (20-50 ml) was introduced into the lung-perfusion system, and the experiment was repeated. Next, the total pressure-volume relation was determined. Using the same perfusion setup as that used to evaluate the arterial and venous pressure-flow relations, the steady-state pressure-volume relation of the pulmonary vascular bed was obtained at a P et of 5 mm Hg and a flow of zero. Under this condition, blood volume was changed in the pulmonary vascular bed in 10-ml increments through the arterial or venous catheter while the concomitant arterial and venous pressure changes were monitored. The blood volume was changed in either direction so as to cover a wide range of arterial and venous pressures from 5 to 25 mm Hg. The absolute values and the changes in arterial and venous pressures were found to be equal to each other. The given change in volume divided by the identical change in arterial and venous pressure can be considered to be the total compliance of the system.
To check whether the pressure-volume relation at zero flow was the same as that with flow, I performed one additional experiment. When flow was fixed at approximately 100 ml/min kg" 1 and arterial and venous pressures were at stable levels, 20 ml of blood was injected into the system via the arterial or venous catheter. The changes in arterial and venous pressures were not equal; the larger changes were observed on the port from which the blood was injected. To null this difference, flow was adjusted slightly so as to force the arterial pressure change to equal the venous pressure change. The ratio of the change in blood volume to the pressure change thus equalized can then be regarded as the total pulmonary vascular compliance. This total compliance value with flow was compared with the total compliance value with zero flow.
Results
ARTERIAL PORT FORCING
Arterial Pressure-Flow Relation.-Only the steady-state data obtained 1-2 minutes after a step-change in pressure or flow were used for analysis. Figure 2 illustrates the arterial pressureflow relations while venous pressure was maintained at 2, 5, and 8 mm Hg in individual dogs. The pressure-flow relations show a considerable nonlinearity at low arterial and venous pressures. However, the curves become more linear at higher pressures. Therefore, linear regression analysis of the slopes and intercepts was performed for each dog over the flow range between 45 and 160 ml/min kg" 1 . The mean slopes ± SE for venous pressures of 2, 5, and 8 mm Hg were 0.1031 ± 0.0071, 0.1019 ± 0.0051, and 0.0958 ± 0.0068 mm Hg/ml min" 1 kg" 1 , respectively. There was no statistically significant difference (P > 0.85) between the slopes obtained at venous pressures of 2 and 5 mm Hg. However, the difference in slope between venous pressures of 2 and 8 mm Hg was statistically significant (P < 0.005) and so was the difference between P pv of 5 and 8 mm Hg (P < 0.01). The pressure intercepts ± SE obtained from the linear regression analysis for venous pressures of 2, 5, and 8 mm Hg were 8.28 ± 0.55, 8.67 =t 0.39, and 10.11 ± 0.63 mm Hg, respectively. Again, there was no statistically significant difference (P < 0.65) between the intercepts for venous pressures of 2 and 5 mm Hg, but there was a statistically significant difference between venous pressures of 2 and 8 mm Hg and between venous pressures of 5 and 8 mm Hg (P < 0.01).
Arterial Pressure-Volume Relation.- Figure 3 shows the reconstructed data on the arterial pressure-volume relation obtained while venous pressure was controlled at 2, 5, and 8 mm Hg. These curves were obtained by summing the individual volume changes caused by pressure changes and getting the cumulative volume from an arbitrary initial zero. Since the flow was initially set at approximately 150 ml/min kg" 1 , there is a considerable spread of the arterial pressure at this initial zero volume. The shape of the arterial pressure-volume relation at a fixed venous pressure was nearly equal among all of the dogs. Furthermore, the arterial pressure-volume relation between arterial pressures of 12 and 26 mm Hg was not far from being linear, particularly when the venous pressure was high. Therefore, a linear regression line was obtained for each dog at each venous pressure, and the inverse slope was calculated. The inverse slope of the regression line, which is analogous to compliance, predominantly reflects the compliance of Circulation Research, Vol. 37, December 1975 the arterial segment. The arterial compliances ± SE for venous pressures of 2, 5 and 8 mm Hg were 0.1937 ± 0.0091, 0.1757 ± 0.0124, and 0.1685 ± 0.0114 ml/mm Hg kg" 1 , respectively. There was no statistically significant difference (P > 0.5) between any two compliances. The combined arterial compliance ± SE pooled for venous pressures of 2, 5, and 8 mm Hg was 0.1798 ± 0.0065 ml/mm Hgkg" 1 .
VENOUS PORT FORCING
Venous Pressure-Flow Relation.- Figure 4 shows the venous pressure-flow relations when arterial pressure was fixed at 15 and 20 mm Hg in the same dogs. These curves are relatively linear over the range of venous pressure above 8 mm Hg. However, at a venous pressure about 7 mm Hg, the curves break sharply toward the flow axis. The mean slopes ± SE for the pressure-flow relations between venous pressures of 10 and 20 mm Hg by linear regression for fixed arterial pressures of 15 and 20 814 SHOUKAS mm Hg were -0.1318 ± 0.0083 and -0.1042 ± 0.0049 mm Hg/ml min" 1 kg" 1 , respectively. There was a statistically significant difference between these two slopes (P < 0.01). The pressure axis intercepts ± SE obtained from regression analysis for arterial pressures of 15 and 20 mm Hg were 15.16 ± 0.07 and 20.54 ± 0.22 mm Hg, respectively.
Venous Pressure-Volume Relation.-The data on the venous pressure-volume relation were obtained and plotted in a manner similar to that for the arterial pressure-volume data and are shown in Figure 5 . From the figure, the slopes of the curves are nearly equal among the dogs at a given arterial pressure over a wide range of pressures from 20 to 5 mm Hg. Below 5 mm Hg, the pressure-volume relations became nonlinear, tending to curve downward to the volume axis. Again, linear regression lines were obtained, and the inverse slopes were calculated; they are considered to represent venous compliance for each arterial pressure and between venous pressures from 20 to 6 mm Hg. The venous compliances ± SE for arterial pressures of 15 and 20 mm Hg were 0.1236 ± 0.0091 and 0.0955 ± 0.0068 ml/mm Hg kg" 1 , respectively. There was a highly statistically significant difference (P < 0.005) between venous compliances obtained at 15 and 20 mm Hg of arterial pressure. To determine the contribution that left atrial compliance had on this relation, the pressure-volume characteristics of the atrium were determined in separate dogs. Figure 6 shows the results from the three dogs in which venous pressure-volume relations were obtained as described earlier and after the lungs had been excised leaving only the atrium. Despite the large cannula in the atrium and the distortion due to the clamp around the base, the atrium contrib- uted to the overall venous pressure-volume relation. Quantitatively, this contribution, 0.02427 ± 0.00225 ml/mm Hg kg" 1 , amounts to approximately a fourth to a fifth of the total venous compliance.
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SIMULTANEOUS ARTERIAL AND VENOUS PORT FORCING AT CONSTANT VOLUME
Arterial and Venous Pressure-Flow Relations.-The results from experiments on arterial and venous pressure-flow relations at constant blood volume were qualitatively similar to those pressure-flow experiments when the blood volume was changing and one of the pressures was fixed. The arterial and venous pressures were plotted on the ordinate and the corresponding flow normalized to body weight was plotted on the abscissa. When flow was decreased, arterial pressure decreased in steps and, since total blood volume was fixed, venous pressure rose. Flow was decreased in steps until zero flow at which point arterial pressure equaled venous pressure. The arterial pres-sure-flow relation, when venous pressure was changing, was linear over the entire range of arterial pressure. The venous pressure-flow relation was also linear except at venous pressures less than 6 mm Hg. The pressure-flow relation curved sharply toward the flow axis below these pressures. Linear regressions of the slopes ± SE of the arterial pressure-flow and venous pressure-flow relations were 0.0575 ± 0.0058 and -0.0774 ± 0.0068 mm Hg/ml min" 1 kg" 1 , respectively. Paired £-test of the difference in slopes of arterial and venous pressureflow relations showed a highly statistically significant difference (P < 0.005) in individual dogs. The mean ratio ± SE of the slope obtained from the venous pressure-flow relation to the slope obtained from the arterial pressure-flow relation was 1.52 ± 0.12 from individual dogs. After infusion of a small volume of blood (20-50 ml) both the arterial pressure-flow and the venous pressure-flow curves shifted in a parallel fashion upward increasing the zero-flow pressure (or mean pulmonary pressure according to Guyton [14] . There was no statistically significant difference between the slopes of the arterial pressure-flow relations before or after the changes in blood volume or between the slopes of the venous pressure-flow relations (P > 0.5). The ratio of change in blood volume to change in mean pulmonary pressure at zero flow from this series of experiments was 0.3467 ± 0.0711 ml/mm Hgkg" 1 .
Total Pressure-Volume Relations.-In those experiments in which the total pulmonary vascular 0.5 1.0 1.5 2.0 VOLUME P'/kg bod, weight) 2.5
FIGURE 6
Venous pressure-volume relations from three dogs. Half open, half solid symbols are the pressure-volume relations of the atrium alone after the lungs had been excised. Mean atrial compliance ± SE was 0.02427 ± 0.00225 ml/mm Hg kg~\ See text for explanation.
compliance was measured at zero flow, the arterial pressure changes were always equal to the venous pressure changes independent of the side of the blood injection. I obtained total compliance values over a range of arterial and venous pressures from 8 to 17 mm Hg. There was no difference in compliance values over this range of pressure (P > 0.4) in individual dogs. Therefore, these values were pooled into a single value for the entire pressure range. This pooled value meaned over all dogs was 0.3425 ± 0.0376 ml/mm Hg kg" 1 . The total compliance values obtained at zero flow were then compared with those obtained at a specified flow. When flow was approximately 100 ml/min kg" 1 , approximately 10 ml of blood was injected into the pulmonary vascular bed via the arterial or venous catheter. As previously described, the pressure changes differed but by an amount not greater than 1.0 mm Hg, and flow was adjusted to make them equal. The ratio of the change in volume to the change in pressure at a flow of approximately 100 ml/min kg" 1 was calculated for each dog and compared with the value obtained at zero flow. There was no statistically significant difference between these values {P > 0.7). The mean value ± SE of the total compliance for all of the dogs was 0.3117 ± 0.0432 ml/mm Hg kg" 1 , and there was no statistically significant difference from the value obtained at zero flow (P > 0.5). I then pooled all of the total compliance values from both methods to obtain a value of 0.3265 ± 0.0442 ml/mm Hg kg" 1 .
Discussion
There has been little usable information published on the overall pulmonary vascular system parameters. By the term usable, I mean that the measured value is normalized to either body weight or some factor which will allow the information to be compared between various animal species and individuals of different sizes. For example, the study by Carlill et al. (4) on the cat in which pressure-flow and pressure-volume relations were obtained gives some quantitative information; however, the lack of normalization of the data makes it difficult to compare them with the data from this experiment.
The arterial pressure-flow relations at fixed venous pressure were nonlinear as one would expect. However, within ±50% of the normal cardiac output in the anesthetized dog, i.e., 50-150 ml/min kg" 1 (10), the relation was reasonably linear. The attenuation of nonlinearity when venous pressure was increased to and above 8 mm Hg was also Circulation Research, Vol. 37, December 1975 SHOUKAS observed in the study of Carlill et al. (4) when atrial pressure was raised from 3 to 20 cm of saline. Borst et al. (3) observed that at either high arterial pressure or high atrial pressure the resistance calculated as the ratio of arterial pressure minus atrial pressure to flow was nearly constant. Permutt et al. (11) analyzed the pressure-flow relation in terms of a model of the pulmonary vascular bed which incorporated a Starling resistor between two reservoirs. They concluded that, when venous pressure is greater than alveolar pressure, flow is proportional to the difference between arterial pressure and venous pressure and changes in alveolar pressure have no influence on flow, whereas, when alveolar pressure is greater than venous pressure, flow is proportional to the difference between arterial pressure and alveolar pressure. Similar results were obtained in the present experiments. When the static endotracheal pressure was set at 5 mm Hg, I could find no statistically significant difference in the slopes of the arterial pressure-flow relation whether venous pressure was equal to or below 5 mm Hg. However, the slope was statistically different when venous pressure was 8 mm Hg.
To evaluate whether intermittent positive-pressure ventilation would quantitatively alter these results, I obtained the pressure-flow relation first at a constant endotracheal pressure of 5 mm Hg and then with intermittent positive-pressure ventilation in two dogs. The lung ventilation caused slight respiratory fluctuations in the mean arterial pressure recording; however, the pressure-flow relations for constant and intermittent respiration superimposed on each other in both dogs.
Permutt et al. (11) studied the effect of venous pressure on pulmonary blood flow at constant arterial and alveolar pressure. Figures 3 and 4 from their paper in one dog show a remarkable similarity to my mean data for venous pressure-flow relations during venous port forcing ( Fig. 4) . At zero flow both arterial and venous pressures were equal. When venous pressure was decreased, the flow from the pulmonary vascular bed increased until the venous pressure equaled alveolar pressure and thereafter remained parallel to the pressure axis. Both their data and mine showed a slight nonlinear increase in flow with decreases in venous pressure. In part, this nonlinearity could be caused by the difference in hydrostatic levels in the pulmonary vascular bed, since my dogs were in the supine position and the hydrostatic pressure in the lowest part of the lung could have been as great as 10 mm Hg. I found that the slope of the venous pressureflow curve at an arterial pressure of 20 mm Hg was less than the slope obtained at 15 mm Hg, a finding similar to the model prediction obtained by Permutt et al. (11) . Permutt et al. (11) showed that the clear break in the venous pressure-flow curve could be explained by the simple Starling resistor model. Theoretically, my data should show this sharp break at 5 mm Hg. However, this break became manifest in some dogs at approximately 8 mm Hg. I can only conjecture that the scatter is caused by different hydrostatic pressures acting at different levels of the lung vascular bed and possibly by slight errors in the estimation of the zero-pressure reference level.
I emphasize that the data obtained from the arterial and venous pressure-volume relations cannot distinguish between distensibility and recruitment of parallel channels (7) . The functional term which describes the inverse slope of the pressurevolume relation of the pulmonary vascular bed is compliance, whether the vessels are distended or are indistensible but recruited from a number of parallel flow channels.
The average arterial compliance for all venous pressures was 0.1798 ml/mm Hg kg" 1 . Engelberg and DuBois (6) obtained a mean pulmonary arterial compliance of 0.0525 ml/mm Hg kg" 1 in six rabbits, a value which is nearly one-third the present value. Permutt et al. (7) obtained a linear relation between pulmonary arterial pressure and total pulmonary blood volume in the dog. I calculated a compliance value of 0.43 ml/mm Hg kg" 1 from their data assuming that the dog's body weight was 25 kg. This value is more than twice the present value.
The venous pressure-volume relations were linear within the physiological pressure range. However, the venous compliances were dependent on the level of arterial pressure. This pressure dependency could be caused by the situation that at the lower arterial pressure more blood went into the capillaries as venous pressure was increased, thus making the apparent venous compliance value larger. The present venous compliance, 0.1236 ml/mm Hg kg" 1 for an arterial pressure of 15 mm Hg, is nearly identical to the venous compliance value, 0.129 ml/mm Hg kg" 1 , obtained by Engelberg and Dubois (6) . Permutt et al. (7) recently analyzed dye concentration-time curves in the pulmonary vascular bed of the dog. They concluded that changes in venous pressure at a constant arterial pressure had no measurable influ-Circulation Research, Vol. 37, December 1975 ence on pulmonary blood volume. Their conclusion indicates that the venous side of the pulmonary vascular bed is nearly rigid and that the volume changes which I measured must come solely from atrial volume changes.
To establish to what extent the atrium contributed to the measured compliance, the lungs were excised from the atrium in three dogs, and the venous port forcing experiment was repeated. The results showed that the atrium did contribute to the measured volume shifts of blood in the experiment. However, at maximum, this contribution can only be a fourth or a fifth of the values I obtained. Therefore, the venous pressure-volume relation and the venous compliance value obtained from it is a slight overestimation because of the atrial compliance. Despite this overestimation, the apparent venous compliance values are meaningful for the analysis of left ventricular contraction, since there is no clear-cut distinction between the left atrium and the large pulmonary veins and both contribute to ventricular filling.
The sum of the arterial and venous compliance values was 0.3034 (0.1798 + 0.1236) ml/mm Hg kg" 1 for an arterial pressure of 15 mm Hg and 0.2753 (0.1798 + 0.0955) ml/mm Hg kg" 1 for an arterial pressure of 20 mm Hg. Either value is only slightly smaller than the mean total pulmonary vascular compliance of 0.3265 ml/mm Hgkg' 1 with and without flow, and this difference is not statistically significant (P > 0.45). This result is consistent with a linear model of the pulmonary vascular bed which consists of two capacitances, arterial and venous, coupled by a single resistance. As long as steady-state data are dealt with, this model represents one of the simplest linear models that one can reduce from the data using two-port analysis of the pulmonary vascular bed.
There is one other piece of evidence which supports the consistency of this linear model with the present data. The two-capacitance singleresistance model predicts that, when the flow is changed under a constant-blood volume condition, the ratio of the resultant change in venous pressure, APpv, to the change in arterial pressure, AP pa , should be equal to the ratio of arterial compliance to venous compliance, C a /C v . In the present experiments, C a /C v was 1.45 for an arterial pressure of 15 mm Hg and 1.88 for an arterial pressure of 20 mm Hg. APpv/APp a obtained independently in the present experiment at constant blood volume was 1.52, a value between the two compliance ratio values for the two arterial pressures. The close values indicate that the simplified model is valid for the pulmonary vascular bed when one is concerned with only the steady-state pressure-flowvolume relations of the system.
Milnor et al. (12) estimated total pulmonary vascular compliance in man by obtaining the ratio of total pulmonary blood volume (determined by dye dilution) to "mean intravascular pressure;" their value was 0.408 ml/mm Hg kg" 1 . Although the methods they used tend to overestimate the total pulmonary vascular compliance, their value was very close to the value I obtained, 0.3265 ml/mm Hg kg" 1 , in the present experiments.
The total compliance of the pulmonary vascular bed has been recognized to be small compared with that of the systemic vascular bed (6, 12, 13) . Guyton (14) estimated the ratio of systemic to pulmonary compliance to be approximately a seventh from indirect evidence from his laboratory. The ratio of the total pulmonary vascular compliance from the present experiments to the total systemic vascular compliance from previous experiments by Shoukas and Sagawa (15) is 0.3265/2.06 = 1/6.3, which is very close to Guyton's estimation.
